
Calibration of spectral line dataat the IRAM 30m radio telescopeC. KramerJanuary 24th, 1997, Version 2.1IRAMInstituto de Radioastronomia Milim�etricaAvenida Divina Pastora 7, N�ucleo Central18012 Granada, Espa~naThis report describes in detail the steps involved when deducing the brightness temperatureof an astronomical source from the backend counts detected. It supplements already existingtexts of Downes (1989) and Guilloteau (1987, 1993).The calibration procedure has to take into account backend and receiver gains and, possibly,drifts, atmospheric transmission and variations, pointing and focus deviations, losses dueto di�raction, spillover, scattering, blockage, etc.. It is obvious that this can never bedone perfectly. The atmospheric attenuation, in particular, is the main source of spectralcalibration uncertainty.The �rst chapter deals with the derivation of the receiver temperature from two loads ofknown temperatures. The second chapter describes the `chopper wheel' calibration procedureimplemented in the observing program at the 30m telescope, OBS . The formulas neededare derived. The derivation of e�ciencies and beam widths is the topic of the third chapter.These quantities are needed to determine the telescope performance and to derive beamaveraged brightness temperatures. Chapter 4 gives recommendations on which planets to useas standard calibrators and presents their brightness temperatures known from the literature.These temperatures and formula were implemented in a program to calculate 
uxes ande�ciencies. It is currently used for the reduction of planetary scans obtained during theregular pointing sessions at the 30m telescope. Chapter 5 presents measured 30m telescopeparameters, i.e. half power beam widths and e�ciencies. The derived values are consistentwith a subre
ector edge taper of 11� 3 dB, for all �ve receivers in the frequency range 90 to240 GHz and beyond. In addition, the measured aperture e�ciencies are consistent with amain dish tapered surface accuracy of �s=85 �m. A discussion of the errorbeam is referredto Greve, Kramer, Wild (1997).
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Calibration of spectral line data at the IRAM 30m telescope 31 The receiver temperature1.1 The de�nitionIn order to relate backend counts to antenna temperatures, at least two sources of knowntemperature and output counts are needed. In a �rst step of the calibration procedure thecounts on a hot load (the chopper) at approximately room temperature and the counts ona cold load at approximately the temperature of liquid nitrogen are measured and averagedover the channels of the speci�c backend used. For a perfectly linear detector, the outputcounts C of the chopper and cold load signals are proportional to the input temperatures T :hCchopi = hco�i+ (Tchop + Trec) � ghCcoldi = hco�i+ (Tcold + Trec) � g;where g is the variing gain factor to be calibrated out. \Dark counts", that is a constanto�set hco�i, possibly arise in some of the backends even when no frontend signal is fed in.The receiver noise temperature is thus given byTrec = TcoldhCchopi � TchophCcoldihCcoldi � hCchopi � hco�i Tchop � TcoldhCchopi � hCcoldi= Tchop � Y TcoldY � 1 with Y = hCchopi � hco�ihCcoldi � hco�i : (1)This temperature is needed to evaluate the performance of the receiver, including parts of theoptics and the backend but without having to consider atmospheric in
uences. Dependingon the placing of the loads within the signal path, the receiver temperature will vary andwill include some optical losses. Receiver temperatures are overestimated when backenddark counts hco�i are considerable and not taken into account.1.2 The procedure appliedThe counts on the internal cold and hot load are measured automatically during a calibration.Their physical temperatures are known but have to be corrected for the fact that the receiveralso receives some radiation of the ambient environment when `looking' at a load. This`spillover' is dependent on the receiver and on the tuned frequency.To get the correct cold load temperature an external cold and afterwards an external hot loadare positioned by hand at the reference plane which is in front of the �rst beam splitter of thereceiver optics. This should be done once in a while to check the cold load temperature of theautomatic calibration system. The output counts Cextcold and Cextchop of the continuum backendare recorded. The external cold load is a piece of ECCOSORB which was immersed into liquidnitrogen. The radiation temperature of this external load is estimated to be T extcold = TN , thetemperature of liquid nitrogen. The external hot load is another piece of ECCOSORB at roomtemperature. The room temperature Troom in the receiver cabin is measured regularly by atemperature sensor PT100 and is input automatically into OBS , the observing program atthe 30m telescope.With the externally measured counts Cextcold, Cextchop, and the known physical temperatures ofthe loads, a `correct' receiver temperature T corrrec is derived:T corrrec = Tchop � Y extT extcoldY ext � 1 with Y ext = Cextchop � hco�iCextcold � hco�i



Calibration of spectral line data at the IRAM 30m telescope 4Next, the Y -factor, Y = (hCchopi � hco�i)=(hCcoldi � hco�i), for the internal loads of theautomatic calibration system is measured and the corrected internal cold load temperatureis calculated: T corrcold = Tchop � (Y � 1)T corrrecYThe internal chopper load also is an ECCOSORB absorber, its temperature is taken to be equalto room temperature: Tchop = Troom.The corrected cold load temperature T corrcold has to be given by the observer into OBS .The calibration routines can thus calculate the `correct' receiver temperatures and `correct'antenna temperatures when doing a standard CAL COLD measurement:Trec = Tchop � Y T corrcoldY � 1This receiver temperature refers to the backend/receiver/optics chain up to the referenceplane.The temperature of liquid nitrogen at sea level is TN;0 = 77:36 K. This temperature is relatedto the barometric pressure P in [mmHg] by TN = TN;0 + 0:011(P � 760) [K] (Ulich et al.1980). The temperature of liquid nitrogen at the altitude of the IRAM 30m RT is thusreduced to TN = 75 K.1.3 CommentsThe above procedure relies on several assumptions:� All loads are `black bodies' and the physical temperature of the loads are equivalentto their Rayleigh-Jeans radiation temperatures, that is h� � kT . For a load with abrightness temperature TB of 77 K the correct Planck radiation temperature J�(TB) =h�=k(exp(h�=kTB) � 1)�1 at 345 GHz is 70 K. This 10% di�erence would, if taken intoaccount, result in a 10% higher receiver temperature. Assuming a Trec of 100 K, Guilloteau(1993) showed that a 10 K error in Trec would induce a variation of only 0.3% in the an-tenna temperatures. It is thus acceptable to use the Rayleigh-Jeans approximation. � Thetemperature conductancy of the external cold load is high enough, that the cold load reallyhas a physical temperature of TN at its entire radiating surface. � The ambient temperaturemeasured within the receiver cabin is the same as that of the hot load piece of ECCOSORB.This might be not the case when, e.g., the hot load scatters radiation from the sky or fromthe cold load into the beam, but there is no indication for this error at the 30m RT. � Countsare directly proportional to the incoming power. The linearity of the receivers is checked. Upto now (February 3, 1997) backend o�sets are not taken into account. � The ampli�cationof the system does not change on timescales smaller than the calibration procedure.2 The calibration method2.1 The skyTo translate counts hCatmi measured on the sky into the antenna temperature on the skyT skyA (� Temi in OBS ) we use:



Calibration of spectral line data at the IRAM 30m telescope 5Tchop � T skyAhCchopi � hCatmi = Tchop � T corrcoldhCchopi � hCcoldi : (2)Backend counts hco�i cancel out when solving for T skyA as well as the �rst order Rayleigh-Jeanscorrection.The antenna temperature T skyA measured pointing toward the sky is a composition of thee�ective brightness temperature of the sky Tsky and the temperature of the `cabin', Tcab:T skyA = Fe�Tsky + (1� Fe�)Tcab , Tsky = ::: (3)At the 30m telescope, the cabin temperature Tcab (� Tspill as de�ned by Kutner & Ulich(K&U), 1981) is estimated to be a weighted average of the outside temperature and thechopper load temperature : Tcab = 0:8 Tchop + 0:2 Tamb.The forward e�ciency Fe� (see K&U, Downes 1989) is derived from a skydip by a subsequent�t of a model function to the measured antenna temperatures of the sky at di�erent elevations(see x3.5). See Downes (1989) for a comparison of Fe� with the e�ciencies de�ned in K&U,�l = �r�rss.An atmospheric model (ATM: Cernicharo 1988) is used to �t the emission of both receiversidebands to the sky temperature Tsky (eq. 3) by variing the amount of water vapour andtaking into account the sideband gain ratio. The water vapour content of the atmospherethus derived, together with the local pressure and temperature measured by the weatherstation, are used to calculate the sky temperature within the two sidebands (T ssky, T isky) andthe corresponding atmospheric opacities (�s, �i).By modelling correctly the atmospheric emission, the atmospheric transmission can thus bederived. The model uses a standard atmosphere and the equation of radiative transfer tocompute the total absorption and thermal emission by water vapour and oxygen throughthe atmosphere.The sky temperature Tsky is the sum of the contribution of the two sidebands weighted by thesideband gain ratio Gim = Gi=Gs (averaged over the receiver bandwidth), and normalizedsuch that Gi +Gs = 1:Tsky = GsT ssky +GiT isky , Tsky = T ssky + T isky �Gim1 +Gim (4)2.1.1 CommentsThe version of ATM installed at the 30m telescope takes into account the atmospheric absorp-tion by water and oxygen. At most frequencies in the millimeter regime these two moleculesare the most important absorbing species in the atmosphere; for high-altitude sites and forlow amounts of precipitable water vapour the contribution of Ozone may however be impor-tant. A standalone version of ATM which takes account the contribution of Ozone lines, isavailable at the telescope.For a perfect model, the water vapour values measured in one calibration scan at di�erentfrequencies should all be equal since they are derived from a simultaneous measurement ofthe sky temperature Tsky(�) along the same line of sight. Deviations between water vapourvalues, derived from scans at di�erent frequencies which were taken simultaneously, do notindicate calibration errors.



Calibration of spectral line data at the IRAM 30m telescope 62.2 Spectral line calibration2.2.1 Formulas usedThe calibration method applied at the IRAM observatories, often called the `chopper wheelmethod', uses the sky, the hot load, and indirectly also the cold load as calibration sources.Essentially the di�erence of counts between the source and the blank sky (the o� position)Csource � Catm is related to the di�erence of counts between the hot load and the blank skyCchop � Catm: T �A;i = Tcal � Csource;i � Catm;iCchop;i � Catm;i = Tcal � �Csource;i�Ccal;i = Tcal � signaligaini : (5)This calculation is done for each backend channel i. All counts are weighted according tothe corresponding integration times.The calibration factor Tcal is given by:Tcal = (1 +Gim)Fe� � exp(��sA) � (Tchop � T skyA ) for spectral line observations (6)with the antenna temperature on the sky T skyA (calculated from eqs. (3, 4),the hot (chopper) load temperature Tchop,the gain ratio of the two sidebands Gim = Gi=Gs (called GAIN IMAGE in OBS ),the signal band zenith opacity �s,and the airmass at elevation El A = 1= sin(El).The T �A temperatures are brightness temperatures of an equivalent source which �lls theentire 2� sterradians of the forward beam pattern of the telescope.To obtain the brightness temperature of an equivalent source just �lling the main beam(de�ned as main beam brightness temperature Tmb), antenna temperatures have to be mul-tiplied by the ratio of the forward and the main beam e�ciency Be� (x3.4). See Downes(1989) for a comparison with the forward spillover and scattering e�ciency (�fss) de�ned byK&U. Tmb = Fe�Be� T �AThis is equivalent to using Be� instead of Fe� in eq. (6) (see OBS ).The main beam e�ciency is usually derived from continuum observations of planets, whosedisk radiation temperature is known, and whose angular diameter �lls the main beam.2.2.2 Derivation of the formula for the calibration temperature TcalThe `chopper-wheel' calibration method is described by Ulich & Haas (1976), Ulich (1980),and K&U. See also Downes (1989). The following part summarizes the deviation of thecalibration factor Tcal. The only assumption used is that the radiation temperatures in bothsidebands are equal: J(�s; T ) = J(�i; T ) = J(T ) for all temperatures T .The counts detected by the receiver when looking at the hot load (the chopper) areCchop = ghGsJ(�s; Tchop) + GiJ(�s; Tchop) + Treci where g again is the variing receiver gainfactor. We do not have to take into account losses due to spillover, since the load is at



Calibration of spectral line data at the IRAM 30m telescope 7room temperature. Backend o�sets are neglected since they will always cancel out whencalculating antenna temperatures (see eq. 5).The counts detected when looking at the blank sky are:Catm = g�GshFe�J(�s; Tsky) + (1� Fe�)J(�s; Tcab)i+GihFe�J(�i; Tsky) + (1� Fe�)J(�i; Tcab)i+ Trec�:For each sideband the radiation of the sky is the sum of the average sky temperature TATMand the cosmic background radiation temperature Tbg:J(�; Tsky) = J(�; TATM)(1� exp(��A)) + J(�; Tbg) exp(��A).With this, the numerator in eq. (5), �Ccal = Cchop � Catm, is derived.Antenna temperatures T �A, corrected for atmospheric attenuation, the forward e�ciency, andthe signal band gain are T �A = TA exp(�sA) � 1GsFe� = T 0A 1Fe� ;if the signal to be observed is only detected in the signal band. The antenna temperatureTA is derived from the counts and load temperatures via eq. (2). We thus have�Csource = Csource � Catm = gTA = gGsFe� exp(��sA)T �A.The calibration factor Tcal is now de�ned such thatTcal = �Ccal�Csource � T �A = �CcalgGsFe� exp(��sA) (7)and we �nally �nd:Tcal = (1 +Gim)hJ(�s; TATM)� J(�s; Tbg)i (8)+(1 +Gim)hJ(�s; Tcab)� J(�s; TATM)i exp(�sA)+GimhJ(�s; TATM)� J(�s; Tbg)ihexp((�s � �i)A)� 1i+(1 +Gim)=Fe�hJ(�s; Tchop)� J(�s; Tcab)i exp(�sA)Note that g and Trec cancel out. This formula is identical to eq. (A12) of K&U. It is a moregeneral form of the calibration factor of the chopper wheel method than eq. (6).2.2.3 CommentsNote that for historical reasons the hot load is called chopper and the calibration methodapplied here is called `chopper wheel' calibration. These names can be misleading becausethe beam switch mirror, which switches between positions on the sky 7000 apart, is oftencalled `chopper wheel' but is totally unrelated to the hot load or the calibration method.The above formula equals the formula used at IRAM (eq. 6), with � = Fe� , on the assumptionthat the Rayleigh-Jeans approximation is valid and that the background temperature isnegligible: J(T ) = T (h� � kT ) for all temperatures and frequencies and Tbg = 0. Theradiation temperature can be estimated by J�(TB) = TB � h�2k with an error of less than 3%for h�=k � 0:5TB (h�=k is 11.0 K at 230 GHz). Note that these �rst order Rayleigh-Jeanscorrection terms would all cancel out in eq. (8).



Calibration of spectral line data at the IRAM 30m telescope 82.3 Continuum calibrationIn the above derivation of the calibration factor Tcal of the `chopper wheel method' it wasassumed that the signal comes only from the signal sideband and not from the lower - andupper sideband.If the signal comes from both sidebands as is the case for continuum emission sources thenwe have to useTcal = �Ccal�Csource � T �A = �CcalgGsFe� exp(��sA) + gGiFe� exp(��iA)instead of eq. (7).Or equivalently antenna temperatures, T �A, calculated with eq. (6) must be multiplied by afactor �1 +Gim exp((�s � �i)A)��1:This is done automatically within OBS during continuum observations.The factor equals 0.5 if the sideband gain ratio is one (double sideband operation) and theopacities in the two sidebands both are equal.The calibration factor Tcal no longer depends directly on the sideband ratio Gim for the caseof equal opacities in both sidebands, i.e. �s = �i. The sideband ratio Gim is however used bythe atmospheric model ATM to calculate the signal band opacity.2.4 Spectral line observations in the image sidebandIf the signal comes from the image sideband we have to use Tcal = �Ccal=gGiFe� exp(��iA)instead of eq. 7. If you are thus interested in the image band, you have to multiply theantenna temperatures from eq. (6) by a factorG�1im exp((�i � �s)A):2.5 The system temperatureTo evaluate the noise performance of the receiver plus the atmosphere a formula for thesystem temperature Tsys can be derived from the above formulae (we assume here that thesignal is detected only in the signal band of the receiver):Tsys = (1 +Gim)Fe� exp(��sA)hFe�Tsky + (1� Fe�)Tcab + Trecior equivalently (within OBS ): Tsys = Tcal � hCatmihCchopi � hCatmiNote that the values for the receiver and the system temperature are dependent on the partof the IF-Band used. The receiver and the system temperature both tend to be too highwhen backend dark counts hco�i are not accounted for.



Calibration of spectral line data at the IRAM 30m telescope 93 Aperture -, main beam e�ciency, and beam widthThe accurate knowledge of e�ciencies and the beampattern is essential in order to estimatesource brightness temperatures and to interpret the data taken with the telescope. In addi-tion, they are needed to characterize the performance of the telescope.This section will describe and derive the formulas needed (see also Baars 1973, Kraus 1984,Downes 1989, Gordon et al. 1992).3.1 The 
ux density of a calibration sourceThe 
ux density S�;tot, the power radiated per unit area and per unit frequency, of a radiosource at a given frequency is given byS�;tot = Z
S B�(TB)d
 = 2k�2 Z
S J�(TB)d
 (9)where 
S is the source solid angle and TB is the Planck brightness temperature of the source.J�(TB) is the Rayleigh-Jeans brightness temperature at the frequency �:J�(TB) � TRJ = h�k (exp( h�kTB )� 1)�1, where � is the wavelength of observation and k is theBoltzman constant.The primary calibration sources are planets. For a source with uniform temperature and theshape of a disk of diameter �s the 
ux density equalsS�;tot = 2k�2 �4 �2sJ�(TB): (10)The telescope receives the 
ux through the signal and image sideband weighted by thesideband gain ratio. The 
ux of a planet thus isStot = [Stot(�lsb) +GimStot(�usb)]=(1 +Gim).The di�erence between the lower sideband 
ux density Stot(�lsb) and the upper sideband 
uxdensity Stot(�usb) can be as large as � 10% due to the �2 dependence of S and given the IFfrequencies at the 30m RT. The accuracy of the calculated 
uxes (and aperture e�ciencies,see below) thus depend on a good knowledge of the gain ratio.3.2 The measured antenna temperatureThe antenna temperature, only corrected for atmospheric losses (but not for rearwardlosses) is given by the convolution integralT 0A(�; �) = 1
A Zsource P (� � �0; �� �0)J�(TB) (�0; �0)d
0 (11)where P (�; �) is the antenna diagram. The brightness distribution of the source is J�(TB) (�; �),with  (0; 0) = 1, and the solid angle of the antenna pattern is
A = R4� P (�; �)d
.Using the relation �2 = Ae�
A (12)



Calibration of spectral line data at the IRAM 30m telescope 10(e.g. Kraus 1984), where Ae� = �AAgeom = �A�(D=2)2 is the e�ective area of an antenna withdiameter D and aperture e�ciency �A (see x3.3), and assuming a uniform disk temperature,leads to T 0A(�; �) = S�;totAe�2k 1
S Zsource P (� � �0; �� �0) (�0; �0)d
0= S�;totAe�2k 
sum
S = S�;totAe�2k K (13)thereby de�ning the beam weighted source solid angle 
sum and the correction factor K(Baars 1973).For a Gaussian beam with HPBW �bP (�) = exp[� ln 2(2�=�b)2]centered on a uniform source disk (�) = ( 1 for � � �s=20 elsethe integral eq. (11) can be rewritten:T 0A(� = 0) = 1
A2�J�(TB) Z �s=20 exph� ln 2(2�=�b)2i�d�where �s is the diameter of the disc and �b is the half power beam width. (Here we used theapproximation sin� = �.) The integration results in:T 0A(� = 0) = 
mb
A J�(TB)h1� exp(�x2)i with x = pln 2 �s=�b (14)and with the beam solid angle 
mb. For a Gaussian beam we �nd:
mb = Zmb P (�)�d� = 14 ln 2��2b � 1:133�2b : (15)Eqs. (9, 12, 14) then lead to:T 0A = S�;totAe�2k K with K = 1� exp(�x2)x2 � 1:valid for a Gaussian beam with HPBW �b and a disklike source of diameter �s.The factor K corrects for the reduction in antenna temperature when observing a sourcewhich has a non-negligible diameter compared to the half power beam width. (For �s=�b = 0:5the correction K is 9%.)



Calibration of spectral line data at the IRAM 30m telescope 113.3 The aperture e�ciencyThe aperture e�ciency �A is de�ned as the ratio between the e�ective antenna area Ae�and geometrical area of the aperture Ageom = �(D=2)2 where D is the diameter of thetelescope.For the 30m radiotelescope (2k=Ageom) is 3:906 Jansky per Kelvin. Per default the IRAMobserving program outputs antenna temperatures T �A (also chosen with the OBS commandset scale antenna) corrected for the atmosphere and rearward losses Fe� : T 0A = T �AFe� .By de�ning the 
ux density per beam as S�;b � K � S�;tot we get�A = 3:906� T �A[K] Fe�S�;b[Jy] for the 30m telescope: (16)Note that, for pointlike sources with �s � �b, the aperture e�ciency is independent of thebeam width �b.The 
ux per Kelvin on the T �A scale is3:906� Fe��A hJyK i (17)3.4 The main beam e�ciencyThe main beam e�ciency Be� is de�ned asBe� = 
mb
A with 
mb = Zmb P (�; �)d
which is the percentage of all power received which enters the main beam.Together with eq. (13) and for a disk shaped source which completely �lls the main beam(
sum = 
mb) we �nd, without assumptions about the beam shape: T 0A = Be�J�(TB).Using also eq. (14) and assuming a clean Gaussian beam we �nd:T 0A = Be�Tmb with Tmb = J�(TB)h1� exph� ln 2��s�b �2ii:The main beam e�ciency can be estimated from the measured antenna temperature of aplanet of known brightness temperature and diameter:Be� = T 0ATmb = T �AFe�J�(TB)h1� exp(�x2)i with x = pln 2 �s=�b: (18)For pointlike sources (�s � �b), the main beam e�ciency becomes very sensitive to smalldeviations from a Gaussian beam. The main beam e�ciency is thus better derived fromobservations of a source which has a diameter comparable to that of the beam.The �20 dB width of a Gaussian beam is just ��20dB = 2:58 �b. Note that the factor(1� exp(�(pln 2 �s=�b)2)�1 in eq. (18) is smaller than 1.01 for a source which is a factor of2.58 larger than the HPBW.For an extended source (�s � 2:6�b) and a clean Gaussian beam (that is a source completely�lling the beam: 
sum = 
mb) we thus �nd to a good accuracy Tmb = J�(TB), and



Calibration of spectral line data at the IRAM 30m telescope 12Be� = T 0AJ�(TB) : (19)The antenna diagram of a real telescope shows sidelobes and errorpatterns. Measuringsources which are larger than the beam size and using eq. (19) will thus lead to an e�ectivebeam e�ciency B0e� variing with the size of the source. See e.g. Gordon et al. (1992, p.340)for a discussion of the implications for the observer.The aperture - and the main beam e�ciency are related via the illumination (assuminga Gaussian beam):Be� = �AAgeom
mb�2 = 2:092� 10�5 �A h�bD� i2 for the 30m telescope (20)with the aperture e�ciency �A,the half power beam width �b in [arcsec],the diameter of the telescope D in [m],and the wavelength of observation � in [mm].3.5 The forward e�ciencyIn a skydip, the total power on the sky is measured at equally spaced airmasses A =1= sin(El). The skydip outputs several calibrated antenna temperatures on the skyT skyA;i (Ai) = Fe�Tsky(Ai) + (1� Fe�)Tcab (eq. 3). With eq. (4) we �ndTsky = T sATM(1� exp(��s(W )A)) + T iATM(1� exp(��i(W )A)) �Gim1 +Gim :The rearward losses described by Fe� at di�erent elevations are more or less constant. Thusthe forward e�ciency can be derived independently of the amount of precipitable watervapour W by a least squares �t to the model function. The atmospheric model ATM(Cernicharo 1988) is essentially used to derive values for the mean atmospheric brightnesstemperatures TATM. See Andr�e & Cernicharo (1989) for a detailed description and erroranalysis of this procedure.3.6 The half power beam width HPBWParameters like the 
ux per beam, the aperture- and the main beam e�ciency depend onthe knowledge of the half power beam width of the antenna pattern.3.6.1 Small sourcesThe half power beam width �b at a given wavelength can be estimated from the FWHMmeasured on a source of known diameter �s. For disk shaped sources which are smaller thanthe half power beam width (0 � �s=�b � 1) the HPBW is simply given (Baars 1973) by:�b = s�2fwhm � ln 22 �2s (21)Note: For a source which is as large as the HPBW, the FWHM derived with the aboveformula is 2.6% smaller than the exact FWHM derived with eq. 22.



Calibration of spectral line data at the IRAM 30m telescope 133.6.2 Disklike sources of arbitrary sizeFor the general case, the two-dimensional convolution integral (eq. 11) of a Gaussian beamP and a disklike source  has to be solved. This is simpli�ed by using the convolutiontheorem, which states that the fourier transform (FT) of the convolution is the product ofthe individual fourier transforms: T FT (u) = P FT (u)� FT (u). (Ref.: `The Fourier Transformand its Applications' by R.N. Bracewell, McGraw-Hill, chapter 12). Another more directapproach is given by Harris (1988).The FTs are: P FT (u) / exp �u2 �2b16 ln 2! and  FT (u) / J1(�su=2)uHere J1 and J0 are the Bessel functions of �rst kind and of order 1 and 0. The back-ward transformation of the product of the FTs is simpli�ed because both two-dimensionalfunctions show circular symmetry. The convolution integral is:T (�) = Z 10 T FT (u)J0(�u)uduwhere � gives the distance between the center of the Gaussian beam and the disklike source.This integral can be rewritten (de�ning R = �s=�b):T (�) / Z 10 J1 �Ru2 �J0  �u�b ! exp �u216 ln 2! du (22)Note that the temperature in the center at � = 0 was already given by eq. (14). The FWHMof the convolved function T (�) can be calculated numerically.3.6.3 Extended sourcesFor extended disklike sources (�s � �b) the convolution problem is reduced to the convolutionof a Gaussian beam with a straight edge. The convolution integral isT (�) = Z +1���s=2 Z +1�1 exp��4 ln 2�2b (x2 + y2)�dydx ,T (�) = s4 ln 2��2b Z +1���s=2 exph� ln 2(2x=�b)2idx = 
�0:5mb Z 1���s=2 P (x)dxwhere � is the displacement from the center of the beam to the center of the source. P (x)again is the Gaussian beam function. For extended sources the derivation of the convolutionintegral directly yields the beam function.Note: A source �ve times larger than the beam is well approximated by a straight edge. Thedi�erence between the exact FWHM of the convolved function (eq. 22) and the FWHMderived by assuming a staight edge is only 1.4% in this case.



Calibration of spectral line data at the IRAM 30m telescope 144 Planets for the derivation of telescope parametersSome of the planets are good calibrators because their temperatures and 
uxes are wellknown. This section gives short remarks about the quality of the individual planets ascalibrators and it presents a list of brightness temperatures. The main aim is to establishsome agreement, especially within the IRAM 30m RT sta�, on which planets, planetarytemperatures, and procedures to use for calibration.� Mercury:� Angular diameter varies between 300 and 1200 approximately.� Large, fast phase e�ect. Therefore not used.� Venus:� Angular diameter varies between 1200 and 6500 approx..� No phase e�ect seen at millimeter wavelengths (Greve priv. commun.).� Mars:� One of the two most important primary calibrators, except when near opposition.� Diameter varies between 300 and 2500(!) approx..� Measurements indicate that Mars is a near blackbody in the millimeter and sub-millimeter region because of its solid surface and tenuous atmosphere (Gri�n etal. 1986).� It shows strong but narrow 12CO and 13CO absorption lines.� Duststorms on Mars might in
uence its brightness temperature.� Its temperature varies with heliocentric distance R [a.u.]. The distance depen-dence is given by TB = hTBiq1:524=R [K], where hTBi is the brightness temper-ature at the mean distance to the sun of 1.524 a.u. (Ulich 1981).� Jupiter:� Its angular diameter varies between 3200 and 4200 approx..� It has strong atmospheric absorption lines from NH3, PH3 (Gri�n et al. 1986,Lellouch et al. 1984) which may especially in
uence observations with smallbandwidth at or close to the line frequencies.� It is bright and its 
ux density does not vary with time.� Brightness temperatures are well known.� Saturn:� The changing tilt angle of the rings as seen from the earth leads to a variation ofits emission which may not be negligible.� Its ellipticity � of 0.096 (Hildebrand et al. 1985) may not be negligible.(� = (Req � Rp)=Req, where Req and Rp are the equatorial and polar radii.)� Its angular diameter varies between 1500 and 2000 approx..� It is bright and its 
ux density does not vary with time.� It also has strong atmospheric absorption lines (see Jupiter).� Uranus:� One of the two most important primary calibrators. It is weak, however.� Diameter is approx. 300.� Brightness temperatures in the millimeter/submillimeter region are well known.� It may have atmospheric absorption lines of CH4 (Orton et al. 1986). No CO orHCN has been detected so far (Marten et al. 1993).



Calibration of spectral line data at the IRAM 30m telescope 15� Neptune:� It is weaker than Uranus and it is found near Uranus on the sky for the nextcouple of years.� Diameter is approx. 300.� It shows broad CO absorption- and HCN emission lines (Marten et al. 1993,Guilloteau et al. 1993b).� Note the discrepancy between the temperatures presented by Gri�n & Orton(1993) and those found by Marten et al. (1993).Table 1: Frequencies of some planetary atmospheric lines which should be avoided whenusing planets as calibrators80-115 GHz 120-170 GHz 200-270 GHz 300-370 GHz(3mm Rec.) (2mm Rec.) (1.3mm Rec.) (0.8mm Rec.)82.0 CH4 220.4 13CO 330.6 13CO82.9 CH4 230.5 12CO 345.8 12CO88.6 HCN 265.9 HCN 354.5 HCN94.1 CH4 �270 PH395.2 CH498.3 CH4110.2 13CO115.3 12CONH3 does not have any lines in the frequency ranges of interest.In order to derive telescope e�ciencies and half power beam widths, the antenna temperatureT �A and the FWHM �fwhm are usually derived from a Gauss�t to a pointing continuum scan.The program planflux.f uses the source diameter �s for the date of observation, interpo-lates Rayleigh-Jeans brightness temperatures J�(TB) from the table, and calculates the 
uxdensity per beam S�;b. It may also calculate the half power beam width and e�ciencies. Theprogram takes into account the planets ellipticity, the variation of the Martian temperatureswith heliocentric distance. It assumes planetary disks of uniform brightness. It does not takeinto account phase e�ects, polar inclination angles, or the e�ects of the Saturn rings. (Thepolar inclination angle is the angle between the planet pole and the line of sight. It mightbe important for planets with non-negligible ellipticity and non-negligible axis inclination,e.g. Saturn.)The e�ective size of some planets is frequency dependent because of the planets atmosphericopacity. This small e�ect is also neglected by planflux. The program uses the angularplanetary semi-diameters S.D. [00] at unit distance of one astronomical unit (Tab.3) given inthe Astronomical Almanac (1987, E43).
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Table 2: Planetary Brightness Temperatures TBFrequency Wavelength Mars Jupiter Saturn Uranus(3) Neptune(3)[GHz] [mm] [K] [K] [K] [K] [K]90 3.33 207(2) 179(1) 153(1) 134.7 129.8150 2.00 210(4) 173(4) 111.8 107.1227 1.32 213(4) 171(4) 97.7 93.0310 0.97 135(5) 88.8 84.2337 0.89 215(4) 174(4) 86.7 82.0References: (1) 86.1 GHz values of Ulich et al. (1980), (2) Ulich (1981), (3) empirical�ts given by Gri�n & Orton (1993), see also Orton et al. (1986). Note that the Neptunetemperatures di�er from those found by Marten et al. (1993). (4) Gri�n et al. (1986), (5)Hildebrand et al. (1985).The above temperatures are derived from bolometric measurements with bandwidths oftypically several 10 GHz! Note that the Martian temperatures are brightness tem-peratures at the mean distance to the sun of 1.524 a.u.! The Martian temperatureshave an uncertainty of about 5% (Gri�n & Orton 1993). The absolute calibration error ofthe observations which are based upon the Martian temperatures is estimated to be 10%(Gri�n et al. 1986).

Table 3: Planetary Semi-DiameterMercury Venus Mars Jupiter Saturn Uranus NeptuneS.D. [00] 3.36 8.34 4.68 95.25 78.28 35.02 33.50R [km] 2437 6049 3394 69083 56775 25399 24297



Calibration of spectral line data at the IRAM 30m telescope 175 Measured IRAM 30m telescope parametersThe following beam parameters were derived in 1994 by continuum cross scans on Mars andUranus and by skydips using the IRAM heterodyne SIS receivers (Tab. 4, cf Kramer &Wild 1994). Subsequent measurements in 1995 and 1996 con�rmed these data, within theobservational accuracy.The skydips were used to estimate forward e�ciencies. From the planetary scans we de-rived half power beam widths, aperture, and main beam e�ciencies, using formulas andplanetary temperatures compiled above. The planets were nearly pointlike during the timeof observations, diameters ranged between 3:500 and 5:500. For comparison we also derivedmoon e�ciencies at full moon from lunar data (partly presented in Greve et al. 1997) usingaverage brightness temperatures at the moon center from Linsky (1973) and formula fromMangum (1993). Note that moon e�ciencies are equal to forward e�ciencies. From thescatter of the day-to-day measurements we estimate errors of the e�ciencies to be about�10%. For a description and discussion of the errorbeam I refer to Greve et al. (1997) (cf.Garcia-Burillo et al. 1993).�dsb HPBW �A Be� Me� Fe� S�=T �A[GHz] [00] [%] [%] [%] [%] [Jy/K]90 26.6 60 75 90 92 6.0100 24.0 58 70 � 92 6.2110 21.8 57 68 � 92 6.3130 18.4 47 58 � 90 7.5150 16.0 43 52 90 90 8.2160 15.0 41 50 � 90 8.6220 10.9 35 41 � 86 9.6230 10.4 32 39 86 86 10.5240 10.0 29 37 � 86 11.6Table 4: IRAM 30m telescope e�ciency data at the double sideband frequencies �dsb. Thecolumns give the HPBW of the main beam and the following e�ciencies : aperture, mainbeam, moon, and forward. The last column gives the 
ux density per antenna temperatureratio for a point source, which is S�=T �A = 3:906 � Fe�=�A [Jy/K] for the 30m telescope.
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Figure 1: Half power beam widths (HPBW) as derived from planetary observations at the30m telescope in the frequency range from 90 to 240 GHz. Observations were done during1994 and presented in Kramer & Wild (1994). The accuracy of the observations is betterthan 100 (dashed lines). The drawn curve corresponds to Eq. 23.5.1 Half power beam widthsThe product of measured beam width and frequency is nearly constant for frequencies up to240 GHz (Fig. 1): HPBW=[arcsec] � �=[GHz] = (2400� 80) (23)The error is the standard deviation of the product. The formula translates into HPBW=(1:16�0:04) ��=D in radian with the diameter of the telescope D. A constant value indicatesa constant illumination of the subre
ector, i.e. a constant edge taper, independent of thereceiver. The prefactor 1.16 is weakly dependent on the edge taper TE (Goldsmith 1982):HPBW = 0:8qTE 1�� (TE) � �D: (24)The factor �(TE) corrects for the in
uence of the subre
ector. Goldsmith tabulates valuesbetween TE = 5 and TE = 30 dB. A prefactor of 1:16� 0:04 corresponds to an edge taper ofTE = (11�3) dB. Note that the beam width is rather insensitive to the edge taper (Eq. 24).A higher value of the edge taper, i.e. a stronger gradiation, would lead to a lower sidelobelevel and a higher beam e�ciency. On the other hand, it would also lead to a lower aperturee�ciency (e.g. Rohlfs & Wilson 1996, p.140). An edge taper of 11 dB thus is a compromisebetween these two aims.5.2 Aperture e�cienciesFrom the aperture e�ciencies we can estimate the tapered surface rms-value �s via the Ruzeformula,
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Figure 2: Aperture e�ciencies �A as derived from observations of small planets at the 30mtelescope in the frequency range 43 to 337 GHz. Greve et al. (1994) found �A = 60 � 7%at 43 GHz. Kramer & Wild (1994) presented e�ciencies in the range 90{240 GHz withan accuracy of � 10%. In January 1995 we measured the e�ciencies at 337 GHz �nding�A = 0:15� 20%. The inner curve corresponds to the �tted rms value of 85 �m. The outer,dashed curves correspond to rms values of 75 and 95 �m.�A = �A0 � exp �16�2�2s�2 ! (25)assuming that �A0 is independent of the wavelength �, i.e. the illumination of the subre
ectoris constant (Eq. 23). Fig. 2 shows aperture e�ciencies in the range 43 to 337 GHz. A linearleast-squares �t to the linearized Eq. 25 results in �A0 = 0:62 and �s = 85�m. This agreeswith phase-coherent holographic measurements of the surface which indicate �s = 80�20�m(Morris et al. 1996). It also agrees with values derived from drift scans across the moonedge (Greve, Kramer, Wild 1997).From Eq. 25 alone, we see that the aperture e�ciency at 230 GHz would improve signi�-cantly by 32 %, from 0.32 to 0.42, when the surface accuracy �s is improved by 20 �m from85�m to 65�m.AcknowledgementsI am grateful to Dennis Downes, Albert Greve, Dave Morris, Andreas Schulz, and WolfgangWild for comments and discussions. Andr�e Marten and Stephane Guilloteau contributeduseful comments on planets and their temperatures.
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